The aim of this study was to evaluate molecular and phenotypic methods for the identification of nonhemolytic streptococci. A collection of 148 strains consisting of 115 clinical isolates from cases of infective endocarditis, septicemia, and meningitis and 33 reference strains, including type strains of all relevant Streptococcus species, were examined. Identification was performed by phylogenetic analysis of nucleotide sequences of four housekeeping genes, ddl, gdh, rpoB, and sodA; by PCR analysis of the glucosyltransferase (gtf) gene; and by conventional phenotypic characterization and identification using two commercial kits, Rapid ID 32 STREP and STREPTOGRAM and the associated databases. A phylogenetic tree based on concatenated sequences of the four housekeeping genes allowed unequivocal differentiation of recognized species and was used as the reference. Analysis of single gene sequences revealed deviation clustering in eight strains (5.4%) due to homologous recombination with other species. This was particularly evident in S. sanguinis and in members of the anginosus group of streptococci. The rate of correct identification of the strains by both commercial identification kits was below 50% but varied significantly between species. The most significant problems were observed with S. mitis and S. oralis and 11 Streptococcus species described since 1991. Our data indicate that identification based on multilocus sequence analysis is optimal. As a more practical alternative we recommend identification based on sodA sequences with reference to a comprehensive set of sequences that is available for downloading from our server. An analysis of the species distribution of 107 nonhemolytic streptococci from bacteremic patients showed a predominance of S. oralis and S. anginosus with various underlying infections.
The genus Streptococcus currently consists of more than 50 species, most of which belong to one of six phylogenetic clusters that are revealed by comparative analysis of 16S rRNA gene sequences. In addition to the pyogenic group, which includes the traditional pathogenic species (i.e., hemolytic streptococci), these clusters are the anginosus group, the mitis group, the salivarius group, the bovis group, and the mutans group (30, 34) . Many of the species of these five clusters are major constituents of the commensal microbiota of the human oral cavity and upper respiratory tract and are occasionally implicated in various pathologies. The anginosus group, formerly called "Streptococcus milleri" in some parts of the world (16) , includes three recognized species (Streptococcus anginosus, Streptococcus intermedius, and Streptococcus constellatus) that are primarily associated with suppurative infections of tissues of the mouth and various body sites, including the meninges (9, 37, 44, 54, 56 Although they are commensals of the upper respiratory tract, S. pneumoniae is a major cause of both local and systemic infections and several of the other mitis group streptococci have long been recognized as important etiologic agents of subacute bacterial endocarditis (2, 13) ; septicemia, particularly in neutropenic cancer patients (5, 6, 29) ; occasional cases of meningitis (8) ; and eye infections (1) . The two species of the salivarius group associated with humans (Streptococcus salivarius and Streptococcus vestibularis) are usually considered to be of low virulence, although occasional life-threatening infections such as bacteremia and meningitis have been reported (11, 43) . Some species of the bovis group, which is undergoing taxonomic reconstruction, cause endocarditis, particularly associated with colonic neoplasia (4, 20) . The mutans group streptococci (primarily Streptococcus mutans and Streptococcus sobrinus) are considered the prime causative agents of human dental caries (22) and also cause subacute endocarditis (3) .
Accurate identification of the nonhemolytic streptococci is a prerequisite for understanding the pathogenesis of the mentioned opportunistic infections and the molecular epidemiology of the increasing antibiotic resistance among some of these bacteria (47) . In clinical laboratories, phenotypic test kits such as the Rapid ID 32 STREP system (Bio Mérieux, La Balme les Grottes, France) and STREPTOGRAM (Wako Pure Chemicals, Osaka, Japan) are commonly used for identification of streptococci and related genera (18, 27) . The inherent problem of this approach is the large number of species relative to the limited number of biochemical traits that can be analyzed, the variability of several traits within species (33, 35, 36, 44) , the poor reproducibility of some tests (12, 17, 26, 36, 44) , and the lack of sufficient phenotypic data on more recently described species in the underlying databases. The last problem applies to the species S. cristatus (23) , S. peroris, S. infantis (31) , S. australis (55) , S. sinensis (57) , Streptococcus macedonicus (51) , Streptococcus infantarius, Streptococcus lutetiensis, Streptococcus gallolyticus (42) , and S. pseudopneumoniae (1) .
Sequences of the 16S rRNA gene have been widely accepted as the most informative basis for phylogenetic analysis and identification of microorganisms. However, because of significant sequence conservation, the 16S rRNA gene is not adequate for identification of many of the Streptococcus species such as S. pneumoniae, S. pseudopneumoniae, S. mitis, and S. oralis, which exhibit more than 99% identity across species and furthermore may show misleading variation between the four rRNA operons (36) . As an alternative, sequencing of other housekeeping genes has been used to identify streptococci, e.g., the genes encoding D-alanine:D-alanine ligase (ddl) (19, 32, 36) , glutamate dehydrogenase (gdh) (36, 40) , the ␤ subunit of RNA polymerase (rpoB) (15) , and manganese-dependent superoxide dismutase (sodA) (32, 41, 42) . Likewise, the sequences of the highly variable spacer region between the 16S and 23S rRNA genes and the groESL genes have been used for identification of streptococci (10, 48) . It is reported that these methods enable reliable identification of Streptococcus isolates to the species level, but they have not been applied to the whole spectrum of Streptococcus species. Moreover, many streptococci are naturally competent for genetic transformation (24) . To what extent recombination affects these housekeeping genes and thus the reliability of identification based on sequences of single gene loci has not been analyzed.
Recently, we reported that a PCR-based technique targeting the streptococcal glucosyltransferase gene (gtf) offers a convenient means of identifying the oral streptococcal species that produce extracellular polysaccharide, i.e., S. sanguinis, S. gordonii, S. mutans, S. sobrinus, S. salivarius, and some strains of S. oralis (28) . The shortcoming of this method is that it is unable to identify other species. However, it has been suggested that the glucosyltransferase enzyme (GTF) is an important virulence factor in systemic infections, being responsible for biosynthesis of the capsule-like extracellular polysaccharide (25) and for adhesion to and invasion and killing of cultured human umbilical endothelial cells (46, 52) . For this reason, it was interesting to investigate the proportion of streptococci from cases of endocarditis and septicemia that carry the gtf gene.
In the present study, sequencing and phylogenetic analysis of the four housekeeping genes ddl, gdh, rpoB, and sodA and PCR analysis of the gtf genes were applied to a collection of nonhemolytic streptococci isolated from patients with endocarditis, septicemia, and meningitis and to relevant type and reference strains to compare the validity of identification based on one or several gene sequences. The results were used to construct a DNA sequence database and phenotypic profiles that can facilitate exact identification of nonhemolytic streptococci and furthermore provide an update on the distribution of species of nonhemolytic streptococci in systemic infections.
MATERIALS AND METHODS
Bacterial strains and culture. The 148 strains included in the study encompassed 101 consecutive isolates recovered from patients in hospitals in Denmark between 1980 and 1994 and submitted to the Streptococcus reference laboratory at Statens Serum Institut, Copenhagen, for examination. These strains were received from Jørgen Henrichsen (now deceased). In addition, eight Streptococcus isolates from bacteremic neutropenic patients in Switzerland were received from Patrick Francioli, Lausanne, Switzerland (6), and six isolates from the human oral cavity (35) T /SK28. The strains designated ATCC, NCTC, and CCUG were obtained from the American Type Culture Collection, the National Collection of Type Cultures (Colindale, London, England), and the Culture Collection of the University of Göteborg, Göteborg, Sweden, respectively, and the SK strains were from our own culture collection (35, 36) .
The isolates were routinely cultured in Todd-Hewitt broth (TH; Difco Laboratories, Detroit, Mich.) and on 5% defibrinated horse blood agar (Statens Serum Institut, Copenhagen, Denmark). (53) .
Preparation of DNA for PCR. DNA was extracted from the bacteria by alkaline lysis (56) . Individual strains were inoculated on 5% defibrinated horse blood agar and incubated at 37°C for 18 h in a 5% CO 2 -enriched atmosphere. The bacterial colonies were scraped from the agar with a sterile disposable plastic loop (1 mm in diameter) and suspended in 100 l of sterile ultrapure water. Then 20 l of the bacterial suspension and 80 l of 0.05 M sodium hydrate were gently mixed in a microcentrifuge tube. This mixture was incubated at 60°C for 45 min and then 9.2 l of 1 M Tris-HCl (pH 7.0) was added to neutralize the pH. The prepared solution was used as the template DNA for the PCR analyses.
PCR primers. Oligonucleotide primers used to amplify fragments of the genes ddl, gdh, rpoB, sodA, and gtf were designed on the basis of conserved sequences identified by aligning relevant sequences of Streptococcus species obtained at the GenBank nucleotide database ( Table 1 ). The species-specific gtf primers used were reported previously (28) .
PCR analyses. All PCR mixtures contained 10 l of Eppendorf HotmasterMix (Eppendorf AG, Hamburg, Germany), 10 l of a 200-fold dilution of the preparation of template DNA described above, and a 0.4 M concentration of each primer supplemented with sterile ultrapure water to a total volume of 25 l. Amplification was performed with a Mastercycler gradient (Eppendorf) using the following parameters: an initial denaturing step at 94°C for 5 min, and 30 cycles of a denaturing step at 94°C for 30 s, a primer-annealing step at the appropriate temperature for 30 s, an extension step at 72°C for 30 s, and a final extension step at 72°C for 5 min. The primer-annealing temperature was optimized for each primer set (Table 1 ) (28) . The PCR products were analyzed by 1.5% agarose gel electrophoresis after staining with ethidium bromide.
Sequencing of ddl, gdh, rpoB, and sodA. Amplicons of four housekeeping genes obtained by PCR were purified with Wizard minicolumns (Promega Co., Madison, WI). The gene fragments were sequenced on both strands using the same primers and the Thermo Sequence Dye Terminator cycle sequencing premix kit (Amersham Bioscience AB, Uppsala, Sweden) according to the manufacturer's instructions. The following program was used: 30 cycles of denaturation at 96°C for 30 s, primer annealing at 45°C for 15 s, and extension at 60°C for 4 min. The products of the sequencing reaction were examined with an automatic DNA sequencer (ABI Prism 310 genetic analyzer; Applied Biosystems, Foster City, CA).
Phylogenetic analyses of ddl, gdh, rpoB, and sodA. The Clustal X software (49) downloaded from http://www.ebi.ac.uk was used to align the sequences for each gene separately and as concatenated sequences in the order rpoB, sodA, ddl, and gdh. Phylogenetic analysis by the neighbor-joining algorithm (45) was conducted using MEGA version 3 (38) . Missing sequences as a result of lack of a PCR amplification product of genes that may be missing or present in a significantly different sequence variant were dealt with as gaps of the same length. The corresponding parameter of the neighbor-joining algorithm was set at "pairwise deletion." The model used was "nucleotide: Kimura two-parameter."
Criteria for identification based on the sequences of the four housekeeping genes. Unequivocal clustering with a single type strain and other well-described reference strains of a particular species in the unrooted phylogenetic tree based on concatenated sequences of the four housekeeping genes was taken as evidence of conclusive identification of that species. Deviations from this identification based on phylogenetic analysis of single gene loci were recorded. The single strain of Gemella haemolysans, from which only one of the four housekeeping genes was successfully amplified, was assigned to that species based on a 100% similarity to the corresponding gene sequence (rpoB) of the type strain. PCR analysis of gtf. As the first screening, PCR analysis with universal gtf primers, which were able to amplify all streptococcal gtf genes without regard to species, was carried out. Next, PCR analyses with six sets of species-specific gtf primers were performed on each isolate that was positive in the first-screen PCR. By the results of this PCR analysis, the isolate was identified according to the species that possessed the targeted gtf gene.
Phenotypic examination and identification. The Rapid ID 32 STREP kit (Bio Mérieux, La Balme les Grottes, France) was inoculated from a suspension of bacteria grown anaerobically for 2 days on blood agar according to the manufacturer's instructions using an ATB1574 automatic dispenser (Vitek Systems, Bio Mérieux). After incubation for 4 hours at 37°C, the reactions were read and processed by an ATB expression system (Vitek Systems). Phenotypic analysis using the STREPTOGRAM kit (Wako Pure Chemicals, Osaka, Japan) was performed according to the manufacturer's instructions. Identification was achieved after 20 h by visual comparison of color reactions with the color plate included by the manufacturer.
Identifications obtained by the two kits were classified into three levels: (i) good identification, i.e., the first suggestion supported by a score Ն80% of relative probability; (ii) acceptable identification, the first suggestion supported by a score Յ80% of relative probability; (iii) no identification ("unacceptable profile") or no suggestion supported by a probability of Ͼ50%. Each result was compared with the corresponding identification based on phylogenetic analysis of concatenated sequences of the four housekeeping genes.
For comparative purposes all strains were also tested for the ability to hydrolyze arginine using a traditional tube test as described previously (35) .
RESULTS
PCR amplification and sequence determination of ddl, gdh, rpoB, and sodA genes. PCR of the ddl, gdh, rpoB, sodA, and gtf genes yielded a single amplified band at approximately 560, 640, 740, 440, and 680 bp, respectively. The rates of successful amplifications with the ddl, gdh, rpoB, and sodA primers were 80.2, 70.0, 100, and 96.6%, respectively (see below for each species). Sequences covering 292, 431, 517, and 390 bp, respectively, of the four amplified genes were used in the analyses. The GenBank accession numbers of sequences determined for the reference strains in this study are shown in Table 2 together with numbers for reference sequences extracted from GenBank. The nucleotide sequences determined for clinical isolates have been deposited in GenBank under accession numbers AB199330 to AB199446 (ddl), AB199447 to AB199548 (gdh), AB199914 to AB200046 and AB218984 (rpoB), and AB200047 to AB200167 and AB218985 (sodA). All sequences are also available for downloading as packages of either single loci or concatenated sequences at http://www.immi.au.dk/service/download /kilian.
Identification of strains based on phylogenetic analysis. Of the 147 strains examined, 145 were identified as belonging to the genus Streptococcus. The two remaining strains were identified as Enterococcus faecalis and Gemella haemolysans based on 100% similarity of the sequences of rpoB and sodA to sequences of those two species detected in a nucleotide BLAST search (http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi).
The concatenated sequence of the four housekeeping genes rpoB, sodA, ddl, and gdh consisted of 1,630 bp. Phylogenetic analysis of the concatenated sequences resulted in the tree shown in Fig. 1 . The tree revealed clear separation of all currently recognized species supported by significant bootstrap values. Some clusters showed an unexpected degree of sequence variation. This was most striking in the clusters containing the type and reference strains of S. anginosus and S. parasanguinis. This situation may reflect the existence of yet unrecognized species within some of the clusters. However, with a few potential exceptions, all strains could be assigned with confidence to currently recognized species. This was considered the conclusive identification of the strains.
The phylogenetic trees based on separate analyses of ddl, gdh, rpoB, and sodA likewise showed distinct clusters that could be correlated with individual species (not shown). However, identifications based on these analyses revealed some deviations from the conclusive identification based on analysis of the concatenated sequences. Thus, identification of a total of eight strains (5.5%), including three type strains of the anginosus group of species, deviated from the conclusive identification (Table 3 ). The deviating results were based mainly on ddl and rpoB gene sequences, whereas no deviation was observed in results obtained by analysis of the sodA gene. No strain possessed more than one deviating sequence among the four housekeeping genes examined. Apart from these problems, which can be explained by homologous recombination between species, the recently described S. pseudopneumoniae posed a problem that was visible in trees based on single loci. In each of the trees based on rpoB, gdh, and ddl, the two strains could not be distinguished with confidence from S. mitis, and in the tree based on sodA sequences, they were indistinguishable from S. pneumoniae.
To analyze the nature of the deviating results for some of the anginosus group streptococci further, partial sequencing of 16S rRNA genes was performed for each strain belonging to the species S. intermedius and S. constellatus using the method described elsewhere (36) . These results confirmed the identifications based on concatenated housekeeping genes by Ն99% similarity to the 16S rRNA gene sequences of the relevant type and reference strains in public databases (data not shown).
Rates of positive PCRs. The percentage of PCR-positive isolates assigned to each of the Streptococcus species as described is shown in With the exception of strains of the last two taxa, all of these strains also yielded an amplicon with one of the species-specific gtf primers. No nonspecific product was observed in any of the species. The identification based on these results for gtfpositive strains was in complete agreement with the identification of the strains based on concatenated sequences and, furthermore, revealed that gtf sequences were present in all strains of S. sanguinis, S. gordonii, S. mutans, and S. salivarius. In contrast, only 51% of strains identified as S. oralis possessed a gtf gene.
Identification based on phenotypic test kits. A total of 145 strains belonging to the genus Streptococcus as determined by DNA sequence analysis were examined with the commercial identification kit STREPTOGRAM and the Rapid ID 32 STREP system. The two kits contain 21 and 32 biochemical tests, respectively. Eleven tests are shared by the two systems and allow direct comparison of the outcomes (Tables 5 and 6 ). Although the overall pattern is similar, the proportion of positive reactions in individual tests shared by the two systems shows many differences. It is striking that the test for arginine hydrolysis, which is a taxo- nomically very informative property when determined by a standard tube test (35) , shows significant differences. Less than 50% of the strains belonging to species that are invariably positive in standard tests (S. sanguinis and S. gordonii) show positive reactions with the two kits. With reference to the conclusive identification based on phylogenetic analysis of the concatenated sequences, the rate of correct identification obtained in the two kits was calculated (Table 7) . Of all 145 strains examined, 68 (47%) and 70 (48%) were correctly identified by Rapid ID 32 STREP and the STREPTOGRAM kit, respectively. The rate of incorrect identification in the two systems was 46% and 23%, respectively. STREPTOGRAM gave a "no code" response rather than an incorrect identification significantly more often than Rapid ID 32 STREP. Among 16 strains of S. mitis, only 2 (13%) and 6 (38%) strains were correctly identified by Rapid ID 32 STREP and STREPTOGRAM, respectively. Both kits correctly identified 16 (36%) of 45 strains of S. oralis. The rate of correct identification of strains of other species varied between 33 and 100%.
The best results were obtained with members of the anginosus group of streptococci, i.e., S. anginosus, S. intermedius, and S. constellatus. Eleven species described since 1991 (Table 7) are not included in the databases associated with the two identification kits. Eighteen of the 20 strains representing these species were assigned to other species by Rapid ID 32 STREP. Among these were strains of S. gallolyticus and S. pasteurianus, which were "correctly" identified as "S. bovis," a species name that, however, is now considered illegitimate (42) . STREPTOGRAM assigned incorrect names to nine (35%) of the 20 strains, whereas 11 (55%) remained unidentified (Table 7) .
Species distribution and properties of blood isolates. A total of 107 strains were isolated from human blood. Further information on the underlying disease was not available for 80 of these isolates. The remaining 27 strains were from patients with subacute bacterial endocarditis (n ϭ 14) and meningitis (n ϭ 1) and from patients suffering from neutropenia (n ϭ 12). Figure 2 shows the species distribution of the 107 isolates according to the conclusive identification based on phylogenetic analysis of concatenated sequences of the four housekeeping genes. As shown in the figure, S. oralis accounted for 40% of all blood isolates of nonhemolytic streptococci, excluding S. pneumoniae. The second most frequently isolated species was S. anginosus (18%). Isolates from endocarditis patients belonged to S. oralis (n ϭ 6), S. mitis (n ϭ 2), S. gordonii (n ϭ 2), and S. sanguinis, S. parasanguinis, S. salivarius, and S. australis (each represented by one isolate). The predominant species isolated from neutropenic patients were S. oralis (n ϭ 6) and S. mitis (n ϭ 5). The only other species represented in this group of patients was S. sanguinis (n ϭ 1).
Among the 107 blood isolates, 42 (39%) produced extracellular polysaccharide as suggested by the presence of a gtf gene. Among 43 blood isolates of S. oralis, in which gtf is variably present, 22 (51%) had the gtf gene. Eight (57%) of 14 isolates from patients with subacute bacterial endocarditis produced extracellular polysaccharide.
DISCUSSION
Several factors contribute to the difficulties that are encountered in the identification of nonhemolytic streptococci by both molecular and biochemical methods. The taxonomy of this group of bacteria has been revised frequently, and many new species have been described, often without sufficient information about differential characteristics and the extent of phenotypic and genetic variation within proposed species (16, 44) . Satisfactory classification of bacteria reflects their phylogenetic diversification within distinct boundaries. It has sometimes been doubted that distinct subpopulations that can be equated with species exist in the population of nonhemolytic streptococci. Nonhemolytic streptococci are naturally competent for genetic transformation (24) , and there is direct evidence of interspecies homologous recombination in genes encoding transpeptidases ("penicillin-binding proteins") in S. pneumoniae, S. mitis, and S. oralis (14, 21) . However, the frequency of detectable recombination affecting penicillin-binding proteins in the natural populations of these species is undoubtedly influenced by an extraordinary selection pressure exerted by beta-lactam antibiotics. To what extent interspecies homologous recombination affects housekeeping genes in which functionally acceptable mutations are selectively neutral is not known.
The data summarized in Table 3 show that in 5.5% of the 145 Streptococcus strains examined, the phylogeny of one of the four housekeeping genes deviated from that of the other genes and revealed clear evidence of recombination with another Streptococcus species. The practical consequence of this is that these eight strains would have been misidentified if identification were based on the sequence of the affected gene alone. In five of eight strains the gene affected by recombination was ddl, in two strains it was rpoB, and in one strain it was gdh. The superoxide dismutase gene, sodA, was not affected in any of the strains examined in spite of the fact that sequences of this gene were successfully determined for all but five strains (Table 4) . Thus, for unknown reasons, the frequency of deviating sequences in sodA was significantly lower than in ddl (P Ͻ 0.05).
The data in Table 3 furthermore demonstrate that recombination always occurred between members of the same phy-logenetic group, i.e., either within the mitis group or within the anginosus group of species, probably determined by the requirement for sufficient sequence similarity to allow efficient integration (39) . It is remarkable that 14% (n ϭ 4) of the 28 strains belonging to the anginosus group of streptococci showed evidence of recombination affecting one of the four housekeeping genes. By comparison, only 4% (n ϭ 4) of the 102 mitis group streptococci were affected, but with significant differences between individual species of the group. Thus, only 1 (2%) of 45 S. oralis strains showed evidence of recombination with another species, while a remarkable 27% (n ϭ 3) of 11 S. sanguinis strains possessed deviating gene sequences apparently originating in S. gordonii or S. sinensis. These figures clearly demonstrate differences in the frequency of transfer of housekeeping gene sequences between species of nonhemolytic streptococci. Of particular practical significance is the finding that three of the four anginosus group strains with deviating sequences were type strains, which usually serve as references for gene sequence-based identification.
Recombination may also be partly responsible for the difficulties encountered in finding phenotypic traits that allow unequivocal differentiation of species of nonhemolytic streptococci. As shown in Tables 5 and 6 and by previous studies (5, 35, 36) , very few characters are of differential value. Comparison of the results presented in Tables 5 and 6 furthermore demonstrates how different versions of a test for the same target character may give different results. This is even more significant when results obtained in traditional tube tests are compared with results obtained in commercially available kits such as Rapid ID 32 STREP (36) . For example, the ability to hydrolyze arginine is a characteristic of all members of S. sanguinis, S. gordonii, S. parasanguinis, and S. cristatus and is therefore valuable for differentiating this group of closely related species from S. mitis, S. oralis, S. pneumoniae, and S. infantis (36) . Strains previously referred to as "S. mitis biovar 2," which are arginine hydrolase positive (35) , belong to the species S. parasanguinis and to a yet unnamed taxon according to recent taxonomic studies (36) . As shown in Tables 5 and 6 , only a small proportion of strains (31% and 44%, respectively) belonging to S. sanguinis, S. gordonii, S. parasanguinis, and S. cristatus gave a positive result in the test for arginine hydrolysis/ dihydrolase in the two commercial kits. Although these results do not necessarily invalidate the ability of the commercial kits to identify clinical isolates of these species, it is clear that the results obtained with these kits do not adequately reflect the presence or absence of particular genes and associated properties. Thus, examination of all strains by a traditional tube test (35) showed arginine hydrolase activity in all strains assigned to the species S. australis, S. parasanguinis, S. gordonii, S. sanguinis, and S. intermedius in 18 of 20 S. anginosus and in two of four S. constellatus strains.
Another problem of direct practical relevance is that the databases associated with the two commercial kits evaluated in this study are not adjusted according to the frequently changing taxonomy of this group of bacteria. As a consequence, members of species described after 1991 are not correctly identified by either of the two commercial kits (Table 7) .
Combined, the problems mentioned above contributed to a rate of correct identification of the present strain collection that was below 50% for both kits. The rate of correct identification varied significantly between species. Not unexpectedly, the most significant problems were observed for S. mitis and S. oralis, of which only 13 and 36%, respectively, were correctly identified by Rapid ID 32 STREP and 38 and 36%, respectively, by STREPTOGRAM. Among all 145 strains examined 46.9% and 22.1% were incorrectly identified by the API Rapid ID 32 STREP and the STREPTOGRAM kits, respectively. The remaining 6.2% and 29.6% of the strains were unidentified by these systems, respectively ( Table 7) .
The results obtained in this study and in our recent taxonomic study (36) indicate that phenotypic characterization is of limited value for identification of many species of nonhemolytic streptococci.
Correct identification of nonhemolytic streptococci is to some extent achievable by partial sequencing of the 16S rRNA gene and searching for homologous sequences in public databases (7, 30) . However, there are two problems with this approach. First, the method does not allow differentiation of S. mitis, S. oralis, S. pseudopneumoniae, and S. pneumoniae because of significant sequence conservation of the 16S rRNA genes in this group of bacteria and because of misleading recombinatory sequences in some versions of that gene in some strains (36) . Second, many sequences in the public databases are mislabeled, either because of incorrect identification of the source strain or because of nonrecorded revised classification of the strain subsequent to deposition of the sequence. It is therefore important to restrict searches to the type strains of the species. This is an option at the database of the Ribosomal Database Project II (http://rdp.cme.msu.edu/index.jsp).
Our study demonstrates that unequivocal identification of clinical isolates of nonhemolytic streptococci can be achieved by phylogenetic analysis of concatenated sequences of four housekeeping genes, ddl, gdh, rpoB, and sodA, amplified by the primer sets listed in Table 1 . As the resulting identification is based on the phylogeny of the isolates as reflected in several loci distributed along the entire genome, we assume that this is as close as one can get to a correct identification, although yet unrecognized taxa may still occur, as suggested by the significant sequence divergence in some of the clusters (Fig. 1 ). This method can be an important tool in taxonomic studies of streptococci and may eventually replace the technically more demanding and less reproducible DNA-DNA hybridization. However, an important question is if it is feasible and biologically meaningful to define species limits according to particular thresholds of sequence similarities. Comprehensive studies of additional groups of bacteria are required to obtain an appropriate basis for such deliberations.
Multilocus sequence analysis is at present unrealistic as a general identification tool for clinical microbiology laboratories. As an alternative, our findings support the suggestion by Poyart and Kawamura and their coworkers (32, 41, 42) that sodA would be the best choice as a single informative gene. This is based on the observation that the gene could be amplified in the whole range of species, including members of related genera, and that the frequency of phylogenetically deviating sequences in this gene appears to be low. The only shortcomings of this choice are that the primers curiously failed to amplify a sequence in some S. sanguinis strains (Table 4) and that the sodA sequences of S. pseudopneumoniae and S. pneumoniae were indistinguishable. VOL. 43, 2005 IDENTIFICATION OF NONHEMOLYTIC STREPTOCOCCI 6083
The phylogenetic identification methods, whether based on single or multiple genes, rely on the availability of comprehensive sets of reference sequences that adequately reflect the genetic polymorphism in the respective gene loci. The sequences generated by this study may be downloaded as complete packages of sequences, either concatenated sequences or individual sequences, from www.immi.au.dk/service/download /kilian. By adding a sequence determined for a clinical isolate in the correct format and length, a phylogenetic tree showing the location of the target strain may easily be performed with the MEGA3 software (38) , which can be downloaded from http://www.megasoftware.net/.
The species distribution of 107 blood isolates, the majority of which were consecutive isolates from one laboratory in Denmark, showed a clear predominance of S. oralis and S. anginosus (Fig. 2) . Unfortunately, detailed clinical information about underlying diseases is lacking for the majority of the isolates. However, it is clear that S. oralis was predominant among isolates from cases of subacute bacterial endocarditis, although the number of strains is relatively limited. The species S. mitis and S. oralis were the most frequent among strains from patients with neutropenia, in agreement with previous reports (5, 29) . Although these two species are among the predominant streptococci in dental plaque, their relative proportions in plaque do not adequately explain their almost exclusive occurrence in neutropenic patients. Likewise, the high proportion of S. anginosus from cases of bacteremia and its absence among isolates from known cases of endocarditis and neutropenia are hardly a coincidence. Based on the existing literature (9, 44, 54) it is conceivable that many bacteremias caused by anginosus group streptococci were associated with local suppurative infections.
There is only limited information about potential virulence factors that may explain the differential distribution of the species in various extraoral pathologies. It has been suggested that the glucosyltransferase enzyme is an important virulence factor in systemic infections due to its ability to synthesize capsule-like extracellular polysaccharide (25) and to enhance adhesion to and invasion and killing of endothelial cells in vitro (46, 52) . In this study, 39% of the 107 isolates from blood possessed the gtf gene. More specifically, 51% of the blood isolates of S. oralis, in which the property is variably present, were gtf positive. The fact that a similar proportion was found in a collection of S. oralis strains mainly isolated from the oral cavity (36) does not support the hypothesis that GTF activity constitutes an advantage to the survival of viridans streptococci in the bloodstream. Our data do not exclude that GTF may be a determinant of the severity of disease, but it is unrelated to extracellular polysaccharide production, as sucrose, which is the necessary substrate, is absent in blood.
The results shown in Table 4 indicate that S. infantarius subsp. infantarius and S. gallolyticus subsp. gallolyticus possess the gtf gene and produce extracellular polysaccharide from sucrose. These taxa were previously included in the now formally illegitimate "S. bovis," some strains of which are known to produce extracellular polysaccharide. However, it has not been clear which of the more recently described taxa produce extracellular polysaccharide (16) . This property may help in identifying clinical isolates that belong to the bovis group of streptococci.
We conclude that identification of nonhemolytic streptococci using the two commercial kits tested is not a valid approach at the present time. The shortcomings of the kits reflect the general problem of identifying these bacteria on the basis of phenotypic characterization combined with the lack of updating of the associated databases. Phylogenetic analysis of the sequences of several housekeeping genes or carefully selected single genes (e.g., sodA) with reference to a set of representative sequences will secure correct identification of clinical isolates. The principle proved its usefulness in an updated analysis of the distribution of species of nonhemolytic streptococci from bacteremic patients.
